Campylobacter jejuni is the most common cause of bacterium-induced gastroenteritis, and while typically self-limiting, C. jejuni infections are associated with postinfectious intestinal disorders, including flares in patients with inflammatory bowel disease and postinfectious irritable bowel syndrome (PI-IBS), via mechanisms that remain obscure. Based on the hypothesis that acute campylobacteriosis may cause pathogenic microbiota dysbiosis, we investigated whether C. jejuni may activate dormant virulence genes in noninvasive Escherichia coli and examined the epithelial pathophysiological consequences of these alterations. Microarray and quantitative real-time PCR analyses revealed that E. coli adhesin, flagellum, and hemolysin gene expression were increased when E. coli was exposed to C. jejuni-conditioned medium. Increased development of bacterial flagella upon exposure to live C. jejuni or C. jejuni-conditioned medium was observed under transmission electron microscopy. Atomic force microscopy demonstrated that the forces of bacterial adhesion to colonic T84 enterocytes, and the work required to rupture this adhesion, were significantly increased in E. coli exposed to C. jejuni-conditioned media. Finally, C. jejuni-modified E. coli disrupted TLR4 gene expression and induced proinflammatory CXCL-8 gene expression in colonic enterocytes. Together, these data suggest that exposure to live C. jejuni, and/or to its secretory-excretory products, may activate latent virulence genes in noninvasive E. coli and that these alterations may directly trigger proinflammatory signaling in intestinal epithelia. These observations shed new light on mechanisms that may contribute, at least in part, to postcampylobacteriosis inflammatory disorders.
C
ampylobacter jejuni-induced diarrheal disease (i.e., campylobacteriosis) is a major cause of morbidity worldwide (1) . Within the United States alone, more than 800,000 cases of campylobacteriosis are domestically acquired each year, and the annual financial burden of the infection is US$6.9 million (2, 3) . Campylobacter is a microaerophilic commensal bacterium of the gastrointestinal tract of food-producing animals such as poultry and cattle, and zoonotic transmission of this pathogen is well established; campylobacteriosis is commonly acquired through ingestion of contaminated water, food, or milk (4, 5) . Upon infection in the human host, Campylobacter induces an inflammatory response, which in turn leads to the development of acute symptoms, including diarrhea, abdominal pain, and fever (6, 7) . Although Campylobacter infections are generally self-limiting, campylobacteriosis may lead to serious long-term complications via mechanisms that remain obscure. Postinfectious intestinal and extraintestinal sequelae include Guillain-Barré paralysis, reactive arthritis, postinfectious irritable bowel syndrome (PI-IBS), or flares in patients with inflammatory bowel disease (IBD) (8) (9) (10) (11) (12) (13) (14) . PI-IBS is a functional disorder of the gastrointestinal tract that is characterized by symptoms of abdominal pain, bloating, and disturbed bowel movements (i.e., diarrhea and/or constipation) (15) . IBD, which comprises Crohn's disease and ulcerative colitis, is characterized by overt intestinal inflammation and arises from genetic, immune, and environmental disturbances, including microbial factors that have yet to be defined (16, 17) . Although IBS and IBD are distinct intestinal disorders, it is interesting that a number of IBD patients in clinical remission experience IBS (18, 19) and that in both instances postinfectious events may cause disease activation (20, 21) . Research into the microbial mechanisms responsible for postinfectious inflammatory sequelae in the gut will shed new light on the pathophysiology of both IBS and IBD.
It is well established that the intestinal microbiota has an important role in human health and disease, and while research over the past decade has failed to define a specific cause-and-effect relationship for a single pathogen, several research groups have suggested individuals with IBD or IBS have lower proportions of protective, anti-inflammatory bacteria and higher proportions of aggressive, proinflammatory bacteria (22) (23) (24) . Specifically, the abundance of Faecalibacterium prausnitzii, which is a member of the Firmicutes phylum and has been shown to have anti-inflammatory effects, is reduced in IBD (25, 26) . Conversely, Proteobacteria prevalence, and particularly Escherichia coli abundance, is increased in Crohn's disease patients (24, 27, 28) .
Intestinal epithelial cells maintain a selective barrier that allows for the transport of ions, nutrients, and water, while separating luminal antigens from underlying immune cells and host tissues.
Tight-junction proteins connect epithelial cells and limit solute flux by exerting size and charge selectivity (29) . Disruptions of epithelial tight junctions, and the resulting facilitation of paracellular transport of large solutes (e.g., macromolecules, bacterial products, or food antigens) across the epithelium have been implicated in the pathophysiology of numerous infectious gastrointestinal disorders, including campylobacteriosis (30) . Recent research has shown that C. jejuni can disrupt tight-junction proteins, including occludin and claudin-4, which in turn facilitates the paracellular translocation of noninvasive E. coli (31, 32) . C. jejuni can also promote the transcellular uptake of noninvasive bacteria via lipid-raft-mediated endocytosis or by highjacking the host physiological processes of antigen sampling via M cells (microfold cells) (33, 34) . Therefore, we hypothesize that C. jejuni may induce inflammation directed toward invading commensal bacteria, after the acute C. jejuni infection has been cleared.
Intestinal epithelial cells express pattern-recognition receptors (PRRs) that recognize evolutionarily conserved microbe-associated molecular patterns and initiate signaling cascades that promote host antimicrobial defenses (35, 36) . There are several classes of PRRs, including transmembrane proteins, such as Tolllike receptors (TLRs) and C-type lectin receptors, as well as cytoplasmic proteins, including retinoic acid-inducible gene (RIG)-Ilike receptors and NOD-like (37) . TLR dysfunction has been implicated in IBD pathogenesis whereby aberrant TLR signaling may contribute to chronic intestinal inflammation (38) . Differential TLR4 expression has been identified in biopsy specimens from IBD patients, and TLR9 polymorphisms have been associated with an increased risk of IBS and IBD (39) (40) (41) (42) . TLR4 recognizes Gram-negative bacterial lipopolysaccharide, while TLR9 recognizes unmethylated bacterial cytosine-phosphate-guanine (CpG) DNA (43) (44) (45) . Aberrant TLR signaling may have a genetic origin, but recent research also found that C. jejuni reduces surface TLR9 expression, which in turn predisposes the gut to more severe inflammation upon a mild proinflammatory stimulus in a murine model of colitis (46) .
Although the findings described above have provided new insight into the mechanisms of C. jejuni-induced postinfectious intestinal inflammation, little is known of the effects that enteric pathogens may have on commensal microbiota. In a process termed quorum sensing, bacteria are able to sense chemical signals from other organisms within the environment and can consequently modulate their gene expression (47) . Bacteria can optimize the expression of genes related to virulence, whereby bacterial survival is maximized and energy cost is minimized. It is also interesting that bacteria can respond to signals within or between species and even between kingdoms (48) (49) (50) . This observation has great implications for the pathophysiology of postinfectious intestinal inflammation as quorum sensing provides a viable mechanism whereby an enteric pathogen may directly modulate virulence in commensal microbes. Moreover, inflammation induced by an enteric pathogen may subsequently alter virulence in commensal microbes. Indeed, it was recently shown that intestinal inflammation promotes horizontal gene transfer between pathogenic and commensal Enterobacteriaceae (51) , raising the possibility that commensal E. coli may not always be innocuous, and may actually become an opportunistic pathobiont upon exposure to environmental stimuli.
Bacterial adhesins are filamentous appendages expressed on the surface of most commensal and pathogenic bacteria, which facilitate mucosal colonization, a key precursor to cell invasion by pathogens (52, 53) . Flagella promote bacterial motility, helping the bacteria swim through the protective mucus layer that lines intestinal epithelial cells, and this promotes host cell adhesion and invasion (54, 55) . Bacterial secreted toxins, such as pore-forming hemolysins, can promote host cell damage and subsequent cell invasion or suppression of host inflammatory response (56) . The aims of the present study were (i) to investigate the effects of C. jejuni on latent virulence factors, including adhesins, flagella, and hemolysins, in noninvasive Escherichia coli and (ii) to investigate the pathophysiological effects of C. jejuni-modified-E. coli on human colonic epithelial cells.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Experiments were performed using Campylobacter jejuni strain 81-176 and Escherichia coli strain HB101 as previously described (33) . C. jejuni 81-176, which was originally isolated from a case of campylobacteriosis associated with drinking unpasteurized milk, is a pathogenic strain capable of inducing disease (6, 57) . E. coli HB101 is a common laboratory strain derived from E. coli K-12, originally isolated from a convalescent diphtheria patient (58, 59) . E. coli K-12 is typically regarded as commensal, or nonpathogenic, since it does not functionally express common E. coli virulence factors (60 Microarray gene expression analysis. Since genome-wide gene expression profiles provide a broad view of virulence factors that are involved in human infections (61), Affymetrix GeneChip E. coli Genome 2.0 arrays (Santa Clara, CA) were used to assess changes in E. coli gene expression upon exposure to C. jejuni-CM. The E. coli microarrays detect changes in 20,366 genes from 10,208 probe sets. E. coli was grown in Columbia broth or C. jejuni-conditioned Columbia broth (i.e., C. jejuni-CM) and normalized to 5 ϫ 10 8 CFU. Total RNA isolation, cDNA synthesis, cDNA fragmentation, and terminal labeling were performed according to the manufacturer's recommendations for prokaryotic target preparation (Affymetrix). Briefly, total RNA was isolated from E. coli using an RNeasy mini spin kit (Qiagen, Toronto, Ontario, Canada), and the RNA concentration/quality was assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). RNA was considered acceptable quality if the A 260 /A 280 ratio was between 1.8 and 2.1. Subsequent cDNA synthesis was performed on 10 g of total RNA, using random hexamer primers, 10 mM deoxynucleoside triphosphate mix (2=-deoxynucleoside-5=triphosphate), SuperScript II reverse transcriptase, SUPERase-In RNase inhibitor (all from Life Technologies, Burlington, Ontario, Canada). Poly(A) RNA controls (Affymetrix) were used in the reaction mixture as a downstream indicator of labeling reaction efficiency. RNA was then depleted from cDNA synthesis product using 1 N sodium hydroxide, and this reaction mixture was neutralized with 1 N hydrochloride. A MinElute PCR kit (Qiagen) was used to purify the cDNA, and the purified cDNA product was eluted with 12 l of elution buffer (buffer EB; 10 mM Tris-Cl [pH 8.5]). Purified cDNA was quantified to ensure adequate levels of cDNA product were present. The entire cDNA product (Ն1.5 g) was fragmented using 10ϫ DNase I buffer (Affymetrix). Terminal labeling of the fragmented cDNA product was performed using GeneChip DNA labeling reagent (Affymetrix) and terminal deoxynucleotidyltransferase (Promega, Madison, WI). Target hybridization, washing, staining, and scanning were performed at the Southern Alberta Can-cer Research Institute Microarray and Genomics Facility (Calgary, Alberta, Canada) according to manufacturer's recommendations for a 169 format array.
Genespring GX9 (Agilent Technologies, Santa Clara, CA) was used to analyze Affymetrix CEL files. A robust multiarray average summarization algorithm and a baseline transformation to the median of all samples were used to normalize each CEL file. Using a moderated t test without multiple testing correction, the fold change and P values were calculated for all probe sets for E. coli grown in C. jejuni-CM compared to C. jejuni grown in Columbia broth. Genes related to virulence (i.e., adhesin, flagella, hemolysin, or antibiotic/stress resistance) were identified, and a hypergeometric test was applied to the total number of genes whose expression had a fold change (FC) of Ͼ1.7 and a P value of Ͻ0.05 (t test).
Although only two gene chips were used for each experimental group, given the high cost of microarrays and relative insensitivity to small gene expression changes (62) , additional biological replicates were not included. Rather, differential expression profiles were corroborated by alternative methodologies, including real-time PCR (RT-PCR), transmission electron microscopy (TEM), and atomic force microscopy (AFM).
Epithelial cell culture. Human colonic T84 cells (American Type Culture Collection, Manassas, VA) were grown in Dulbecco modified Eagle medium (DMEM)/F-12 supplemented with 10% (vol/vol) fetal bovine serum (Mediatech, Inc., Manassas, VA), 200 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml (all from Sigma-Aldrich, Oakville, Ontario, Canada). Cells were incubated at 37°C and 5% CO 2 . Culture medium was replenished every 2 to 3 days, and confluent monolayers were passaged with 0.25% trypsin-EDTA (Life Technologies). Trypsinized cells were seeded at a density of 10 5 cells/ml into 6-well (2 ml) or 12-well (1 ml) tissue-treated plates (Corning Life Sciences, Kennebunk, MA). Cells were also seeded onto a 25-mm round glass coverslip (VWR, Radnor, PA) that had been precoated with 0.2% gelatin (Sigma). Cells were used between passages 63 and 73.
Cell inoculation protocol. Bacterial inoculum was normalized to 10 9 CFU and subsequently pelleted (i.e., sedimented) by centrifugation (8,000 ϫ g for 3 min). Bacterial pellets were rinsed twice with Dulbecco phosphate-buffered saline (Dulbecco PBS; Sigma), and resuspended in PBS. Unless otherwise stated, confluent monolayers were rinsed twice with prewarmed (37°C) Dulbecco PBS and replaced with antibiotic/supplement-free DMEM/F-12. Monolayers were inoculated with bacterial culture to achieve a multiplicity of infection of 100 bacterial cells per enterocyte. Control monolayers received an equivalent volume of Dulbecco PBS. Inoculated cells were incubated at 37°C and 5% CO 2 for 3 h.
Real-time PCR. To assess changes in gene expression, real-time PCR was performed on bacterial RNA and T84 cell RNA. T84 monolayers were grown in 6-well or 12-well plates and inoculated with bacterial culture or PBS as described above. As a positive control for interleukin-8 (IL-8, or CXCL-8) expression, 100 ng of tumor necrosis factor alpha (TNF-␣)/ml was added to the monolayer. After incubation, bacterial RNA and T84 cell RNA were collected. Bacterial RNA was stabilized using RNAprotect bacterial reagent (Qiagen). RNA was extracted from bacterial cells using an RNeasy mini spin kit (Qiagen) according the manufacturer's directions for enzymatic lysis and proteinase K digestion of bacteria. To collect T84 cell RNA, cells were lysed with RLT buffer (Qiagen), and T84 cells were subsequently homogenized using QIAshredder (Qiagen) spin columns. Cell RNA was purified using the RNeasy mini spin kit according to the manufacturer's recommendations. Total RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) and 1 g of total RNA was reverse transcribed to cDNA using the QuantiTect reverse transcription kit (Qiagen). A QuantiFast SYBR green PCR kit (Qiagen) was used to amplify the cDNA on a Rotor Gene Q (Qiagen). PCRs were carried out in 25-l volumes with forward and reverse primers (0.5 M each; E. coli [ Table 1 ] and T84 [ Table 2 ]) and 1 l of cDNA. If primers were not found in the literature, primers were designed using Primer3 software and specifying an amplicon size of 100 to 150 bp (63, 64) . Primer specificity was checked using the NCBI (Bethesda, MD) Primer-BLAST database. Primers were only used if their efficiency was ca. 100%. Amplification conditions were as follows: 1 cycle at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Melting curve analysis was conducted over a range of 55 to 95°C to assess the specificity of amplification.
Quantitative RT-PCR results were analyzed using the comparative threshold cycle (C T ) (65) . Briefly, the relative gene expression was calculated by using the formula 2 Ϫ⌬CT , where ⌬C T is equivalent to the C T of the internal control subtracted from the C T of the gene of interest. Genes related to E. coli virulence were normalized to the cysG gene, which encodes a metabolic enzyme involved in siroheme synthesis. The cysG gene was recently identified to be a reliable reference gene in RT-PCR (65) . Genes monitoring the host response (i.e., proinflammatory cytokines and host ligand receptors) were normalized to the housekeeping gene ␤-actin.
Transmission electron microscopy. The bacterial inoculum was normalized to 10 8 CFU and subsequently pelleted by centrifugation (8,000 ϫ g for 3 min). Bacterial pellets were rinsed twice with Dulbecco PBS (Sigma) and resuspended in 1 ml of PBS. A drop of bacterial suspension was placed on a carbon coated copper grid (Electron Microscopy Sciences, Hatfield, PA) for 10 min. Bacteria were fixed for 5 min in 10 mM cacodylate buffer (pH 7.5) containing 2.5% glutaraldehyde (Electron Microscopy Sciences). Grids were washed twice with water and negatively stained for 10 min with 1% phosphotungstic acid (Electron Microscopy Sciences). Grids were air dried and viewed using a Hitachi H-7650 transmission electron microscope operated at 60 kV. Grids with 30 to 130 E. coli organisms were assessed for the presence of flagella.
Atomic force microscopy. Force spectroscopy measurements were performed using a Nanowizard II atomic force microscope equipped with a CellHesion module (JPK Instruments, Berlin, Germany). The AFM unit was mounted on a Zeiss Axiovert 200 inverted light microscope (Carl Zeiss, Thornwood, NY). Force spectroscopy measurements were conducted in a chamber maintained at 37°C and 5% CO 2 . To immobilize E. coli on an AFM cantilever, 20 l of 0.01% poly-L-lysine (Sigma) was added to Arrow TL1 probes (Nanoworld, Neuchâtel, Switzerland), followed by incubation for 20 min at room temperature. After incubation, 2 ϫ 10 7 E. coli CFU were added to the tip of the cantilever, followed by incubation at room temperature for 20 min.
To assess the efficiency of E. coli adherence to the AFM cantilever, scanning electron microscopy (SEM) was used. After E. coli was immobilized on the AFM cantilever, the AFM cantilever was incubated in DMEM/ F-12. After incubation, the cantilever was fixed with 10 mM cacodylate buffer (pH 7.5) containing 2.5% glutaraldehyde (Electron Microscopy Sciences) for 10 min. Cantilevers were coated with gold in a sputter coater and visualized on an FEI XL30 SEM.
In the AFM experiments, each E. coli-coated AFM cantilever was calibrated in antibiotic/supplement-free DMEM/F-12 immediately prior to force spectroscopy measurements. Force curves were conducted with a set point of 1 nN, extend/retract rates of 5 m/s, a Z length of 10 m, and a sample rate of 512 Hz. All force measurements were conducted within 30 min of immobilization of E. coli cells on an AFM cantilever. Analysis of force curves was performed using software provided by JPK Instruments.
Statistical analysis. All experiments were repeated at least three times on at least two separate occasions. The data are presented as means Ϯ the standard errors of the mean. Statistical analyses were performed using GraphPad Prism version 5.0 software (GraphPad Software, Inc., La Jolla CA). A one-way analysis of variance with a Tukey multiple comparison test was used to compare the means of the control to the bacteriumtreated samples. An unpaired Student t test was used to compare the means of the E. coli to those of the C. jejuni-treated E. coli samples. A P value of Ͻ0.05 was considered significant.
RESULTS

C. jejuni-CM activates latent virulence genes in E. coli. Using
Affymetrix (E. coli Genome 2.0) microarrays, studies assessed the effect C. jejuni-CM has on virulence gene expression of nonpathogenic E. coli. Genes encoding adhesins (e.g., fimH), flagella (fliD), and hemolysins (e.g., hlyE) were significantly upregulated (FC Ͼ 1.7, P Ͻ 0.05) in E. coli grown in C. jejuni-CM compared to E. coli that had not been exposed to C. jejuni-CM (Table 3) . Genes related to biofilm formation (e.g., pgaA) and antibiotic/stress resistance (e.g., mdtH) were also significantly upregulated (see Table S1 in the supplemental material). Although there were genes related to E. coli virulence that were downregulated (see Table S2 in the supplemental material), a hypergeometric analysis of significant gene modification (see Table S3 in the supplemental material) indicated there were more virulence genes upregulated in E. coli grown in C. jejuni-CM, compared to E. coli that had been grown as a monoculture in Columbia broth, than would be expected by chance alone (P ϭ 0.008).
C. jejuni-CM promotes the expression of genes related to E. coli virulence in the presence of enterocytes in vitro. To validate changes in gene expression, RT-PCR analysis was performed on genes encoding E. coli adhesin (fimA and sfmF), flagella (fliD), and hemolysin (hlyE) in the presence of T84 colonic epithelial cells. Expression of E. coli fimA, the major subunit of type 1 fimbriae, was increased ϳ4-fold when E. coli was grown in C. jejuni-CM compared to untreated E. coli (P ϭ 0.0341; Fig. 1A) . Expression of the E. coli adhesin gene sfmF was also significantly increased upon exposure to C. jejuni-CM (P ϭ 0.0212; Fig. 1B) . The E. coli flagellin fliD gene exhibited an ϳ1.5-fold increase in gene expression when E. coli was grown in C. jejuni-CM, versus untreated E. coli; however, this change failed to reach statistical significance (P ϭ 0.066; Fig. 1C ). The hemolysin gene (hlyE) expression was increased ϳ2-fold when E. coli was grown in C. jejuni-CM compared to control E. coli (P ϭ 0.0284; Fig. 1D ).
C. jejuni and C. jejuni-CM induce E. coli flagellar expression. TEM was used to examine whether changes in gene expression corresponded to phenotypic changes in E. coli flagellar expression. When E. coli was grown as a monoculture in Columbia broth, most of the E. coli organisms were nonflagellated; however, a significant increase in flagellated bacteria was seen when E. coli was cocultured with C. jejuni or exposed to C. jejuni-CM (P Ͻ 0.05; Fig. 2 ). Exposure of E. coli to C. jejuni-CM increases adhesion forces to human enterocytes. To assess the biological significance of increased adhesin gene expression in E. coli exposed to C. jejuni, in vitro experiments using AFM measured the force of adhesion between E. coli and human enterocytes. Since this represented the first attempt at obtaining such measurements between enteric bacteria and epithelial cells, preliminary experiments first determined that poly-L-lysine was an adequate adhesive for immobilization of E. coli to an AFM cantilever. Light microscopy was initially used to visualize bacterial adherence to the AFM cantilever, and alternative adhesives were excluded. Furthermore, SEM was used to visualize E. coli attached to the AFM cantilever after incubation in DMEM/F-12 to confirm that E. coli was not washed off the cantilever upon submersion in cell culture medium. SEM images showed similar numbers of E. coli organisms attached to the AFM cantilever, and E. coli remain glued to the AFM cantilever after a 60-min incubation in cell culture medium, regardless of E. coli growth condition (Fig. 3) .
Force spectroscopy was used to measure the force of adhesion between E. coli and human colonic T84 cells. The maximum force of adhesion between the E. coli and T84 epithelial cells was significantly greater for E. coli grown in C. jejuni-CM than E. coli grown in untreated media (P Ͻ 0.0001; Fig. 4A) . Moreover, the work required to disrupt the adhesion between E. coli and T84 cells was significantly greater (2-fold increase) for E. coli exposed to C. jejuni-CM (P ϭ 0.0002; Fig. 4B ).
C. jejuni-modified E. coli reduces TLR4 and increases CXCL-8 expression in enterocytes. In an attempt to identify host proinflammatory consequences in colonic enterocytes exposed to C. jejuni-modified E. coli, studies assessed changes in TLR4 and CXCL-8 gene expression in T84 epithelial cells. E. coli grown as a coculture with C. jejuni, or E. coli treated with C. jejuni-CM, significantly reduced TLR4 gene expression relative to the controls (P Ͻ 0.05; Fig. 5A ). TLR4 expression in T84 cells that were incubated with an E. coli monoculture (that had not been exposed to C. jejuni-CM) was comparable to that of the controls (i.e., PBStreated T84 cells). Conversely, E. coli treated with live C. jejuni, or with C. jejuni-CM, significantly increased CXCL-8 expression in T84 cells (P Ͻ 0.05; Fig. 5B) . Untreated E. coli did not alter CXCL-8 expression relative to the controls. Used as a positive control, recombinant human TNF-␣ also increased CXCL-8 expression.
DISCUSSION
Results from the present study demonstrate that live C. jejuni and C. jejuni secretory-excretory products activate latent virulence genes in noninvasive E. coli. These C. jejuni-induced alterations promote E. coli adhesion to enterocytes. In turn, the altered E. coli reduces TLR4 gene expression and increases proinflammatory CXCL-8 gene expression in colonic enterocytes. Microarray analyses indicated that genes related to E. coli virulence, including adhesin, flagellum, hemolysin, biofilm, and antibiotic/stress resistance genes, were upregulated in noninvasive E. coli exposed to C. jejuni-CM. Furthermore, in focusing on adhesins, flagella, and hemolysins, these changes were confirmed via quantitative PCR, since two adhesin genes (fimA and sfmF) and the latent hemolysis gene (hlyE) were significantly upregulated when E. coli was grown in C. jejuni-CM and exposed to human enterocytes. Another set of studies determined that phenotypic changes were indeed associated with altered E. coli gene expression profiles. TEM studies revealed that exposure to live C. jejuni or to C. jejuni-CM significantly increased the number of E. coli organisms expressing flagellar structures. To measure the functional consequence of the altered adhesin gene expression, atomic force microscopy assessed the effects of C. jejuni on forces of E. coli adhesion to enterocytes. These experiments provide for the first time data on actual adhesive forces between enteric bacteria and intestinal epithelial cells. The results indicate that the force of adhesion between E. coli and human colonic epithelial cells, as well as the work required to disrupt this bond, was greater for E. coli grown in C. jejuni-CM than for untreated E. coli. Finally, E. coli exposed to live C. jejuni or C. jejuni-CM reduced enterocytic TLR4 gene expression and increased the expression of proinflammatory CXCL-8. Together, these findings shed new light on mechanisms that may contribute to postinfectious inflammatory disorders of the gut.
C. jejuni is the most common cause of bacterial gastroenteritis. The mechanisms remain incompletely understood, and direct effects of C. jejuni on commensal microbes within the intestine have yet to be uncovered. We hypothesized that a gastrointestinal pathogen, such as C. jejuni, may disrupt intestinal homeostasis (C and D) , or in C. jejuni-CM (E). The spiral-shaped C. jejuni (see panel C) could also be observed in the E. coli-C. jejuni coculture. (F) E. coli with flagella were enumerated at ϫ60,000 magnification. The data are represented as means Ϯ the standard errors of the mean (n ϭ 3). **, P Ͻ 0.01; ***, P Ͻ 0.001 compared to an E. coli monoculture that had not been exposed to C. jejuni-CM. and contribute to postinfectious intestinal inflammation by inducing virulence factors in commensal E. coli.
Adherent-invasive Proteobacteria, and specifically adherentinvasive E. coli (AIEC), have repeatedly been associated with the pathogenesis of IBD (66, 67) . AIEC uses type 1 fimbriae and long polar fimbriae, which interact with CEACAM6 and Peyer's patches, to adhere to and invade intestinal epithelial cells (68, 69) . AIEC induces the secretion of proinflammatory CXCL-8 in T84 colonic epithelial cells, which leads to the recruitment and activation of neutrophils, a hallmark of the inflamed intestine (70, 71) . Interestingly, unlike other bacterial pathogens, AIEC is not found in the environment. This observation incited the hypothesis that instead of being an acquired pathogen, AIEC may in fact represent an opportunistic pathobiont locally induced by stimuli that have yet to be identified. The findings reported here illustrate that exposure to an active enteropathogen such as C. jejuni induces genotypic, phenotypic, and functional alterations in noninvasive E. coli that resemble these reported for AIEC.
We first examined microarray gene expression profiles of E. coli grown in C. jejuni-CM, compared to control E. coli, to get an overview of which E. coli genes may be changed upon exposure to C. jejuni secretory-excretory products. We identified several genes related to bacterial adherence and motility (adhesins and flagella), secreted toxins (hemolysins), and resistance (biofilm formation and antimicrobial/stress resistance) that were differentially expressed in E. coli exposed to C. jejuni-CM. We used these data to focus our experimental efforts on E. coli adhesins, flagella, and hemolysins, which are well-defined virulence factors and have been associated with AIEC.
RT-PCR validated changes in E. coli adhesin, flagellum, and hemolysin gene expression upon exposure to C. jejuni-CM. We found that expression of the fimA gene, which encodes FimA, the major subunit of type 1 fimbriae, was significantly increased in E. coli exposed to C. jejuni-CM (72) . Similarly, expression of the sfmF gene, which encodes a cryptic yet functional adhesin in E. coli K-12, was also increased in E. coli that had been exposed to C. jejuni-CM (73) . Adhesins encoded by the sfmF gene do not have any affinity for D-mannose glycoproteins (73) , and thus the present findings uncover alterations in genes encoding two distinct E. coli adhesins when the noninvasive bacteria are exposed to C. jejuni-CM. Consistent with the microarray data, RT-PCR analysis revealed a trend for upregulation of fliD gene expression, but these alterations failed to reach statistical significance. The FliD protein is a necessary component of functioning flagella; the FliD protein functions as a flagellar cap, which prevents flagellin (i.e., main structural component of flagella) monomers from leaking out of the filament during assembly (74) . Finally, RT-PCR revealed an increase in hlyE gene expression in C. jejuni-treated E. coli. Hemo-lysin E (HlyE), which is also known as cytolysin A (ClyA) or silent hemolysin (SheA), is a latent pore-forming toxin found in E. coli K-12 (75) (76) (77) . Like other cytotoxins, purified HlyE and hlyEexpressing E. coli K-12 can lyse erythrocytes and induce apoptosis in human and murine macrophages (78) . Interestingly, AIEC has been shown to have hemolytic activity (66) .
In an attempt to clarify the significance of the fliD gene alterations seen in our microarray and RT-PCR analyses, transmission electron microscopy was used to assess the effects C. jejuni has on E. coli flagellar structures. TEM results indicated a significant increase in the proportion of flagellated E. coli organisms when E. coli was grown as a coculture with live C. jejuni or when E. coli was grown in C. jejuni-CM. This increase in proportion of flagellated E. coli organisms may promote E. coli host cell colonization and subsequent host invasion and immune cell activation.
Given the importance of filamentous appendages in host cell adhesion, AFM was used to quantify the force of adhesion between E. coli and human colonic T84 epithelial cells. AFM is a novel technique capable of detecting piconewton changes in force of adhesion. AFM has successfully been used to investigate dendritic cell activation and, most recently, adhesion of Plasmodium falciparum-infected red blood cells to endothelial cells (79, 80) . Moreover, until the present study, to the best of our knowledge, this technique has not yet been successfully applied to characterize interactions between enteropathogens and epithelial cells. The findings presented here reveal a significant increase in the force of adhesion between E. coli and T84 cells when E. coli is exposed to C. jejuni-CM, further highlighting the pathophysiological significance of these alterations.
A final set of experiments investigated whether these C. jejunimodified E. coli organisms may affect key factors involved in host proinflammatory responses of the gut. Bacterial recognition by host TLRs plays a crucial role in regulating inflammation. The present results indicate that while untreated E. coli failed to change TLR4 expression, TLR4 gene expression is decreased when colonic epithelial cells are infected with E. coli that had been exposed to C. jejuni or C. jejuni-CM, in comparison to controls. This finding may seem counterintuitive when considering that intestinal TLR4 expression appears to be increased in IBD patients (39) ; however, TLRs also have a role in commensal microbiota tolerance and protection from intestinal epithelial injury (81) . Therefore, reduced epithelial TLR4 expression in enterocytes exposed to C. jejuni-modified E. coli may disrupt host homeostasis, thereby promoting a proinflammatory response. Moreover, RT-PCR results indicated C. jejuni and C. jejuni-CM, but not untreated E. coli, significantly increased epithelial CXCL-8 expression, in comparison to controls; CXCL-8 is a well-established proinflammatory chemokine. Overall, these results demonstrate that E. coli exposed expression when confluent T84 monolayers were exposed to sterile PBS (Control), bacterial cultures, or proinflammatory stimuli (TNF-␣) was determined. E. coli HB101 was grown as a monoculture, as a coculture with C. jejuni, or in C. jejuni-CM. The results were analyzed using the comparative C T method of analysis, and ␤-actin was used as an internal reference gene. The data are represented as means Ϯ the standard errors of the mean (n ϭ 3 to 9 per group). There was no significant (NS) difference in gene expression between various E. coli cultures. There was no significant difference in E. coli monoculture compared to control (i.e., PBS-treated T84 cells). *, P Ͻ 0.05; **, P Ͻ 0.01 versus the control. to C. jejuni or to C. jejuni secretory/excretory products may modulate host proinflammatory responses, and this may contribute to postinfectious complications that can arise following a gastrointestinal infection.
To our knowledge, this study represents the first report in which an enteric bacterial pathogen may actively induce pathogenicity in noninvasive E. coli. While the presence of virulence genes as a prediction of bacterial virulence has been questioned (82) , results corroborating this in the present study can be found in the literature. In Toxoplasma gondii-induced models of murine colitis, researchers have shown that nonpathogenic E. coli K-12 and probiotic E. coli Nissle 1917 incite a proinflammatory, postinfectious response (83) . Recent research has also shown that the parasite Giardia duodenalis alters human mucosal microbiota composition (J. K. Beatty, S. V. Akierman, J. P. Motta, S. Muise, A. Bhargava, P. L. Beck, K. P. Rioux, G. W. McKnight, J. L. Wallace, and A. G. Buret, unpublished data), and these Giardia-induced alterations of commensal bacteria are toxic to Caenorhabditis elegans (84) . Furthermore, G. duodenalis was shown to restore virulence in attenuated mutants of Citrobacter rodentium in C. elegans infection models (84) . Researchers have reported the presence of virulence genes in probiotic E. coli (Symbioflor2; DSM 17252) despite the absence of adverse effects during long-term commercial use (85) , but these findings were based on only five healthy volunteers. Disease-inciting consequences of commensal/ probiotic E. coli have been documented; administration of the probiotic E. coli Nissle 1917, which was given in response to gastroenteritis induced by a coinfection of rotavirus and adenovirus, resulted in severe sepsis in a preterm infant (86) .
The present study shows that C. jejuni and C. jejuni-CM are capable of inducing virulence in noninvasive E. coli, and this altered E. coli phenotype may act as a pathobiont with human enterocytes. These findings also demonstrate changes in noninvasive E. coli that resemble the genotypic and phenotypic traits of AIEC. More research is needed to uncover how these novel observations may translate into pathogenicity-modulatory effects on gut microbiota in the human intestine. In turn, this type of research may help identify new mechanisms through which acute enteric infection may lead to PI-IBS, as well as to the initiation/exacerbation of symptoms in patients with IBD.
